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This invention rdatss to magnetio resonance (MR) imaging. 

The invention is particulariy concerned with reduction in the time teeded to coUect data 
for Itnagiiv a lo^on of interest of a patient 

For example^ it is sometimes desired to view the progrefs of a contrast agent in the 
bloodstream throngh a region, in order to help distinguish between benign tumour, 
malignant tumour and unaffected tissue, and rapid imaging is required to monitor the 
flow of contrast agent to the various sites. A malignant tumour may require a greater 
supply of blood and could show up in this way. 

A prior art magnetic resonance imaging apparatus is shown in Figure 1.. A patient 1 
(shown in section) « sBd anally into the bore 2 of a sopercondacting magnet 3, and the 
main magnetic field b set up along the axis of tiie borc^ tenned by convention the Z- 
dhcction. Magnetic field gradients are set op, for example, in tiie Z-direction, to confine 
the excitation of magnetic resonant (MR) active nuclei (typically hydrogen protons in 
water and fat tissue) to a particular sBce ia tiie Z-direcUon e.g. that iBustrated in Figure 
1 and, inthehoiizontidXaiid the vertical Y directions as seen in Figure 1, to encode the 
TOWnaat^MR midel in die plane of the slice. An r.f tmnsmit ooU (not shown) applies an 
ecdtation ptOse to otdte the protons to resonance, and a pair of r.f. receive coiU 4, 5 pick 
up rdaxatioo signals emitted by the (fistiirbed protons. 
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To encode^decode received signals in the Y-dircction, the agoals are detected in the 
pieseoce of a magnetic field gradient, tamed a read-out gradient, to enable different 
positions of reUwng nuclei to conespond to different preccsaion frequencies of those 
rmdei about the direction of the main inagDetic field due to the mftience of the gradient. 
Hie data is digitised, and so for each ri. ecdution pulse, a series of digital data pomts 
are coUected. and these are mapped mto a spatial frequency domam known as K-space 
(Figure 2). Each r.£ pulse pennhs at least one cohimn of digital data points to be 
collected. 

To encode/decode the received signals it the X-direcUon, after each r.£ pulse has been 
transmitted and before data is coUected with the read-out gradient appUed, a magnetic 
Md gradient in the X-direcdon is turned on and off. This is done for a series of 
inagnitudes of magnetic field gradients in the X^rection. one r.f pulse typicaUy 
corresponding to a different magnitude of gradient in the X-diiection. 

On the K-space matrix shown in Figure 2. the cohmms of data points correspond to r.t 
pulses foUowed by different magnitudes of phase-encode gradienU. 

The field of view imaged by the magnetic resonance imaging apparatus depends on the 
spacing of the data points in the pbase-encode and read-out directions, and the resolution 
of the image depends on how &r the points extend in each direction e.g. bow Uirge the 
maximum phase-encode gradient is. 

Tlhesignalsrecdvedfromthe r.f. receiver coils 4. 5 are subject to atwo dh^^ 
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Fourier Transfonn in Fourier TraoBform processors 6. 7, to produce pixelated images 
■which are rtOTcd in imago memoiies 8, 9. 

A slice image is shown in Figure 3. For the puiposes of «tplan»Uon. the symbols of a 
circle, a square aad a triangle have been abstrated in both the object2 and the image in 
Figure 3 . Figure 3 implies that the spacing of data points in the phase-encode gnidient 
direction is sufficient to image the vbole of the slice shown in Figure 1. 

Between each r.f. pulse, there ia a certain minimum pulse repetition time, and the 
collection <rfdata implied by figures 2 and 3 may therefore take too long to pennit flofws 
of contrasi: agent to be adequately monitored. 

One technique used to reduce the data coUection time is to cut out, say, half the phas^ 
encode steps e.g. by keeping the same maximum phase^code gradient but omitting 
every other cohion of data. This would then halve the data collection time. 

The spacbig of the data points in the phase-encode direction would now have doubled, 
ao that the field of view in the corresponding image domain would have halved. (The 
field ofvimmtheread^ut direction would remain the same because the number of data 
points coEected during read-outv^ouldremab the same.) The imaged area would now 
cover fittic more than the square ilhistrated in Figure 1. This is shown in Figure 4. 
Xtofortunatdy, MR signals from the circle and the triangle would still be picked up by 
each reodve cofl 4. 5. and the processing is such that these regions would be folded back 
over the square. wUh the circle and the triangle bemg bterposed. Ttos is a problem 
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known asaBasing. Separate points P„ Pj inthc object would be imaged at the same pixel 
in Figure 4. 

It is to enaWe the aliased image to be unfdded that two receive coils 4, 5 have been used. 
(Magnetic Resonance inMedidne 42: 952-962 (i999) - SENSE: Sensitivity Encoding 
For Fast MM by Klaas P Pruessmann. Markus Weiger, Markus B Sch«sidegget and Peter 
Boesigcr). With the two receive coils and suitable processing, the benefit of a halved data 
coUfictiontime can be retained, but the image can be unfolded. This technique is referred 
to as SEI^SB (sensitivity encoding). 

He response of coil 4 to MB. signals from point P, is perhaps greater than its response 
to MB. signals emanating from pointPj, and the position is perhapsthe other way round 

wth regard to the coil 5 . Knowledge of the relative sensitivittes of the coils 4, 5 can be 
ysed in the processor 10 to unfold the aliased image of Figure 4 into an image having the 
pirttem of Figures, ahhoughwith alower signal-to-noise ratio because only half the data 
has been collected. 

For example, cofl 4 receives MR signah. from both points Pi and Pj, and the combined 
intensity of the rcsultmg pvcd stored in image memory 8 (C^) depends on the sensitivity 
of the coil 4 to point P, (S„) and the sensitivity of the coil 4 to pomt Pj (8,2). Hieimage 
memory 9 also has an intensity stored (Cj) conesponding to points P , and P 2 wHch 
depends bn the sensitivity of coU 5 to P, (S„) and on Hs scnsWvity to P^ (S^). THus, 
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C, = SnP| + Si2p2 

C3=S2,P, + S22P2 

More generally 

(C) = (S);(P) where (C), (S) and (P) are matrices. 

Pto\dded the seasitiyitytenns are known, theintenshjr correspondbgtD each pixdPx and 
separatdy can be calculated in processor 10. for each pair of points of the image which 
are mapped onto tiie same pixel in the aliased image. The aliased image can then be 
unfolded and viewed in iiill on display 11. 

To calibrate the coils 4. 5 requires a knowledge of the sensitivity of each coil at each 
point. Of course, the data collected at each image memory 8. 9 maps the sensitivity of 
each ooU 4. 5 onto each pixel, but in « way which is clearly weighted by the intensity 
produced by each point of the object. 

Tbe paper refejred to suggests coUecting the sensitivity data usmg a third receive coil, in 
the fonn of a body coil, which has a unifbnn sensitivity over each part of the object. 

To suppress the weighting produced by the object bemg imaged, it tunis out tha^ 

of the images in the image memories 8. 9 have to be divided by coirespondtag Ibes i.e. 
fqr the same point inK^pace in the read-out direction, produced by the imaging wit^ 

body coil. 
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However, ibt example^ in the case of an object with the weighting shown in Figure 5, the. 
sensitivity profile for the coil 4 could be as shown m Figure 6 and that for the body coU 
as shown is Figure 7. Figure 8 shows the division of one by the other and the presence 
of noise. 

This is because the body cofl picb op noise from the whole of the sfwtion of the body 
being imaged, and the resulting sensitivity profile produced by the division, for each line 
of the image, is masked by noise. 

To overcome this, the paper referred to proposes to divide the response of one coU 4 
(Figure 9) by the response of the other coil 5 (Figure 10) and to dispense with the body 
cofl altogether, for each line of the image. This is possible because it turns out that the 
(S) matrix terms only require this ratio to suppress the weighting effect of the object and 
the correction for the relative sensitivities produced by the two coils. 

There is now less noise in the resultant division (Figure 11) but a problem arises which 
is also inherent in the ratio shown in Figure 8 Le. that the ratio of sensitivities is only 
present where the object is present. Noise is still present, but to a lesser extent, and 
postprocessing therefore has to be earned out to reduce the noise. The problem is that, 
in so-doing, a postprocessing algorithm has to be employed wWch prevents anrilar sharp 
edges in the edges of the olqect itself bang smoothed. 

Tjbe invention piovides apparatus for magnetic resonance imaging, comprising means for 
creatinglmagnetic field gradients in a phase-encode direction for spatially encoding 
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excited MR active nuclei in a region of interest of a patient, means for receiving r.f. 
signals from the recited MR active nudei, means for processing the spatially encoded r.f. 
receive sipals to produce a spatial representation of the region of interest, the magnetic 
fidd gradient means being arranged to create a number of phaac-cncodc gradients 
corresponding to a smaller field of view than the region of mterest, the r.f, receive means 
inchjding a pair of receive coils and processing means arranged to use the r.f. signals 
received from each coil together with sensitivity infonnation for the coils to produce an 
unfolded version of the aliased data conresponding to the reduced field of \iew, wherein 
the senaitiYity information used is arranged to be collected at reduced resolution 
compared to that at which the image is collected. 

The invention also provides a method of magnetic resonance imaging, compiiaing 
creating magnetic field gradients in a phase-encode diiectioD to spatially encode excited 
MR active nuda in a i^on of mterest of a patient, receiving r.f signals from the excited 
MR active nudei, processing the spatially encoded r.f. receive signals to produce a spalid 
representation of the region of interest, the number of phase-encode gradients bring 
created corresponding to a smdler fidd of view than the region of interest, a pair of r.f. 
receive coils receiving the r.f signals, and the processing uang the r.f signals recdvcd 
from eadi coil together with scnsftivity information for the coils to produce an unfolded 
version , of the aliased data corresponding to the reduced fidd of view, wherdn the 
sensitivity infonnation used is collected at reduced resolution compared to that at which 
the image is collected. 

By cottecting the sensitivity information at a lower resolution, it become unnecessary to 
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fit or smooth the sensitivity informalion removed of its object -wd^iting. 

The sensitivity bfoimation may be coUeeted by nrtiobg each of the receive coils with a 
body coil, or by ratioing the sensitivities of the two r.f recdve coils tbanselves. These 
may be of the loop and butterfly type as claimed b our co-pending British patent 
application no. 9926923.5. but could be a pair of loops or any other types. Ftotber, 
furtbex pairs of loops nay be provided. 

Ways of carrying out the invention will now be described hi greater detail, by way of 
example, with reference to the accompanying drawings, in whidi: 

Figure 1 is a partly asial sectional, paitiy block diagram representation, of prior art 
magnetic resonance imaging apparatus; 

Figure 2 is arepresButation of the data in K-spoce resulting fiom the signal picked up by 
ead receive coil of the apparatus; 

Figure 3 is a representation of the image area which would be built up if a M number 
of phase? encode gradients were performed; 

Figure 4 is an image which would be buih up if a reduced number of phase-encode 
gradients were to be pMformed; 

Kgure S represents the object weightiDg of a line m the image memory 8, 9; 
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Figure 6 represents the object wrigbted sensitivity of coil 4 for a line in the image 
. memory 

Figure 7 rqiresents the object weighted sensitivity of a body coil for an eijoivalent Ime 
in an image memory connected to the body coil; 

Figure 8 represents the ralio of the object wei^d sensitivities shown in Figures 6 and 
T. 

Figure 9 r^resents the object -weighted sensitivity of coU 4 fia: a Jine in image memory 

9; 

Figure 10 represems the object we^hted scnsitiYity of oral 5 for a line b image memoiy 

Figure 1 1 t^seseots the ratio of the object weighted sensitivities shown in Figures 9 and 
Id; and 

Figure 12 is a partly axial sectional, partly block diagram representation, of magnetic 
resonance imaging apparatus according to the invention. 

In accofdance with the invention (Figure 12), reference data is collected at reduced 
resolution compared to that used during imaging. The reference data is of course 
cplleoted at M fidd of ^ew. Lower maximum values of phase-encode gradient are 
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used Hie eSect of lower resolution in the reference data, used to calibrate the senativity 
of the coUs 4, 5 is to reduce noise in the reference data. The reference data, which is 
stored in memory 12, is used in the SENSE method to unfold the aliased data of Figure 
4. Because the noise is reduced in the reference data, the signal-to-noise of the target 
unfolded SENSE data, is increased. 

Various arrangemaits may be used. One pair of coils 4, 5 may be used. A loop, butterfly 
oonbiiuitioin as clanned m our co-pending British patent application no. 9926923.5 may 
be used. More than one pair ofeoils may be used. In each case, the reference data may 
be produced using a body coil as in Figures 6 to 8. or a body coU may be omitted, as in 
figures 9to 11. 

To go now mto the background of the iovenrion in greater detal, dynamic enhanced MR 
mammography (DMRM) is a leading imaging method for identi^g breast cancer in 
patients with dense breast tissue. Difierentiation of malignant from benign disease is 
critically dependent on contract enhancement profiles: cancers enhance the most briskly 
wtb peat enhancements at a maxiraum of two nunutes. Currem screening techniques rely 
on coverage of both breasts using vohjme acquisitions following hohis injection of 
Gadofinii«i>-D1TA. The requirements for large field of view (FoV) at millimetre 
resohitioo with adequate temporal resohition are diallengbg. 

Sensitivity encoding SENSE requires an array coU with coil elements that have spatialty 
(fistinct sensitivity profiles over the region of interest. A 4 channel receive only array coil 
yfith two pairs of nominally orthogonal coils is used, each pair providing approximately 
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unifona sensitivity over one IsBast. Only one pair of coila ia shown in Figure 12. The 
dynamic examination consisted of fiiU resolution vohime scans -with the phase encoded, 
left-right Fo V reduced by two as explained in our co-pending British patent q)p!ication 
no. 9926923.5. Hie resulting iegeaeaof is unfolded using sensitivity data from the coils. 

To avoid misalignmiait between reference and target data and changes in cofl loading, 
sensitivity data is acquked witb the subject in sita This data is contanjinated by a 
dependence on tissue sipals, which can be removed by nonnaUsing using anatomical 
images tiiat are assumed to be free of sensitivity variations. Alternatively, the approach 
used here uses tiie reUtive sensitivities of tije coils in the array. In eidier case the 
sensitivity data requires a high signal-to-noise ratio (SNR) to avoid compromising tiie 
SNR of tije final data. Hheriug the sensitivity data can mcrease SNR. Artefacts in tiie 
sensitivity measurements from cardiac or respiratory motion are a critical issue in the 
current application. Non-localised artefects tend to mask the spatial properties of tiie 
coib. 

To provide high SNRreferencc data tiiat is robust against physiological motion we have 
reduced tiie resolution of tiie M FoV reference acquisitions, but maintauied 
approximately constant imaging time by multiple averaging. This reverses the order of 
tiK normalisation and filtering steps^ leaving the coil profile intact provided tiie reference 
data bas'sufficient spatial frequency content. 

m one embodiment, aU data was acquired on a 0.5T Picker Apdlo seamier (Cleveland, 
OH) using a 3D gradient echo sequence (WTE 10/3.75) to image a region 
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30x30xl8cm'. CoD sensitivity information was obtained wth a matrix of 647t32x50, 
lONBX and was zero fiUed to 256x256x50 prior to reconstruction. Dynamic data was 
acquired in IQ frames, each with half left-right FoV and a rectangular matrix of 
256x128x50, INEX (408 per frame). The data were reconstructed and unfolded onto a 
M FoV, 256x256x50 matrix. Unfolding was performed pair wse for the two 
symmetrical lefl-right coil combinations. The final images were then added m quadrature. 
Image manipulation employed IDL (Research Systems, Cotorado). 

The method was tested on phantoms, two normal vohinteers without contrast, and one 
normal votantea with contrast Rfsference data acquired at faUiesohition with a single 
overage and reduced resolution with multiple averages -were collected and compared for 
SENSE processing. Reduced FoV SENSE processed data and M FoV standard mxages 
were obtained using the same acquisition. Images were assessed for anatomical detail, 
artefacts oiid sensitivity to contrast intake. 

Use of fiiU resohrtion single average reference data resulted in errors in the unfoldtog 
associated with cardiac and respiratory motion. The use of low resolution, multiply 
averaged reference data diminated this problem to produce artefact free unfolded hnages 
with no detectable loss of resohition. 

L, this Lmbodiment. an application of SENSE increases the temporal resolution of 
DMRMby a factor of two. lie method has been shown to have sufficient sensitivity and 
immunity from artefects for detecting enhancement in normal tissue witii a temporal 
resolution well suited for patiiological uptake 
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WMe themagnethasbeen described as a supercoaducting magnet, it could be a rcsisUvc 
magnet, and need not be of the annular configuration but could be an open C or H 
configuration, and indeed, permanent magnets could be used. 
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1. Apparatus for magnetic resonance imaging, comprising means for creating 
niagoetic field gradients in a phase-encode directioD for spatially encoding excited MR 
active n«l<d in a region of interest of a patient, means (4. 5) for receiving r.f. signals 
from the excited ^4R active nuclei, means (6-9, 10, 12) for processing the spatially 
encoded r.f. recave signals to produce a spatial representation of the region of interest, 
tbe magnetic field gradient means being arranged to create ft number of pbase-encode 
gradients corresponding to a smaller fidd of view than the region of interest, the r.f. 
receive means (4. 5) mduding a pair of r.f receive coils and tbe processing means (6-9. 
10. 12) being arranged to use the r.f signab received from each coil together with 
Bensitivity information (12) for the coite to produce an unfolded vasion of the aliased 
data conesponding to the reduced fidd of view, wherdn the sensitivity information used 
is arranged to be collected at reduced resolution compared to that 8t which the image is 
collected. 

2. Apparatus as claimed in Claim 1> whidi the sensitivity information is airanged 
to be produced usmg alowttvahie of ma«mum phase-encode gradient than that used for 
collectiDg tbe image iafbrmatioo. 

3. Apparatus as daimed in Claim 1 or Claim 2. in whidi the sensitivity information 
airanged to be collected by ratioing the sensitivities of two r.f. receive coils. 

4. Apparatus as claimed in Claim 1 or Claim 2, in ^hich tbe sensitivity information 
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is arranged to be coUected by ratioing the sensitivity of one r.f. receive coU witb abody 
coiL 

5. Apparatus as claimed in any one of Claims 1 to 4, id ^ch the sensitivity 
information is ananged to be collected a plurality of times and averaged. 

6. A method of magnetic resonance imagmg, comprising creating magnetic field 
gradients in a phase-encode direction to spatially encode excited MR active nudei in a 
region of interest of a patient, receiviDg r.f sjgnals from the excited MR active nudei, 
processing the spatially encoded i.t receive signals to produce a spatial representation 
of the tegion of interest, the number of phase-encode gradients being created 
conesponding to a smaller field of view tiian the region of hiterest, a pair of r.f. receive 
coils rec^ tiie r.f signals, and the processing using the r.£ signals recwved from each 
coil togetiser witii sensitivity infbimation for tiie coils to produce an unfolded version of 
the aliased data corresponding to the reduced field of view, wherein the sensitivity 
information used is coEected at reduced resohition compar«l to ti>at at which Oie image 
is collected. 

7. A method as .daaned b Claim 6. in which tiie sensitivity information is produced 
using a tower vahie of maximum phase^encode gradient than that used for collecting the 
iniage infonnation. 

8. X metiiod as claimed io Claim 6 or Claim 7, in which tiie sensitivity information 
is colle<?t«d by ratioing tije sensitivities of two r.f receive coils. 
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9. A method as claimed in Claim 6 or Claim 7. in ^hiob the sensiUvity infonnation 
is collected by ratioiiig the sensitivity of onerf. receive coU with a body colL 

10. A method as claimed in any one of Qaims 6 to 9, in which the senidtivity 
infonnatiori is coUected a pLjrality of tunes and averaged. 
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ABSTRACT 

MAiffwrmr ^"NANrF, tmagtng 

In magnetic resonaace imagmg apparatus employing magnetic gradient fields in ft phas«»- 
eacode and in a read^t direction for spatiaUy encoding excited MR active nuclei in a 
region of interest of a patient, in which a reduced number of readings in the read-out 
direction is taken, thereby creating an aliased reduced fidd of view image, at least two 
r.f. receive coils are used together with sensitivity information concerning those coils in 
order to unfold the aliased image to produce a M image while taking advantage of the 
reduced time of collccUon of data. In accordance with the invention, sensitivity 
information is collected at a lower resohition than that at which the image infonnation 
is collected. 
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